Marine luminescent bacteria of the genera Vibrio and Photobacterium as well as Photorhabdus (Xenorhabdus) luminescens, an enterobacterium mutualistically associated with insect pathogenic soil nematodes, display different levels of salt tolerance when grown on nutrient broth medium (5% w/v NaCl for marine species and 3% w/v for Prb. luminescens). Osmolytes (compatible solutes) synthesized and/or accumulated for haloadaptation were identified using HPLC techniques and 13C-NMR spectroscopy. All species investigated in this study accumulated betaine and ectoine (1,4,5,6-tetrahydro-2-methyl&pyrimidine carboxylic acid) from the medium under elevated osmotic conditions. External supply of osmolytes improved both growth and salt tolerance. Only species belonging to the genus Vibrio were able to synthesize the compatible solute ectoine de novo. Glutamate also participated in osmoadaptation while trehalose was only found in V. fischeri species. In Prb. luminescens 13C-NMR spectroscopy also revealed the presence of choline when grown on complex medium.
lntmduction
Most halophilic eubacteria, some methanogenic archaebacteria, as well as halotolerant eukaryotes are able to synthesize or take up organic osmolytes, termed compatible solutes, to maintain osmotic equilibrium at elevated external salt concentrations [l] . Among aerobic chemoheterotrophic eubacteria ectoine is the most wide-spread compatible solute [2, 3] . However, uptake of betaine and possible pre-* Corresponding author. Tel. : +49 (228) 733 799; Fax: +49 (228) 737 576 cursors such as choline from complex media supplements has to be considered. The ability to synthesize betaine de novo is typical for',phototrophic bacteria but apparently rare among aerobic heterotrophic eubacteria [l] . The stabilizing potential of organic solutes at molecular and whole cell level has been widely investigated [4] . Their biotechnological potential in stabilization and preservation of enzymes and whole cells is therefore incontestable. Marine prokaryotes are commonly able to tolerate salinities in the range of 0.25-l M NaCl when grown on complex media [5] . The aim of this investigation was to study osmotic adjustment of representatives of marine and terrestrial luminescent bacteria of the genera Vibrio, (NCIMB 2193) were grown in modified glycerol minimal medium (GMM), which consisted of (g 1-l) NH4Cl (2), ammonium ferric citrate (0.0028), glycerol (3 ml) and KsHP04 (OS), supplemented with adenine (370 PM) and thiamine (1 PM) for growth of V. jischeri (DSM 7 15 l/NRRL-Bl 1177) and guanine, adenine, uracil (370 uM, respectively), fish extract S490 (0.1) (Primex, Norway), vitamin solution 'VA' (1 ml) [7] and 20 proteinogenic amino acids (2 mg 1-l each) for growth of V. jischeri (DSM 507T). GMM was buffered with MOPS (3-[N-morpholino] propanesulfonic acid sodium salt; 50 mM, pH 7.5). Prb. luminescens was grown in Photorhabdus minimal medium (XMM) [8] . Each medium was amended with salt as specified, i.e., NaCl and artificial sea salt (DSM medium 79) at a ratio of 6 : 1 (w/w). The concentrations were chosen with regard to growth optimum (the osmolarity of sea water) and the highest concentration of salt allowing growth to yield sufficient cell dry weight for solute analysis. In addition, some complex media and minimal media were supplemented with ectoine (1 mM), purified from Halomonas elongata in our laboratory, and/or betaine (1 mM). Prb. luminescens was able to grow in the presence of salt only when 1 mM betaine or ectoine were supplied. (A-B) and 3% (C) salt, respectively. Signals arc labelled as follows: I, betaine; 2, glutamate; 3, ectoine; *, acetonitrile standard; 4, solvent peaks (methanol); 5, choline; o, unidentified signal.
Culture conditions and cell harvest
All growth experiments were performed with 100 cdw, cell dry weight; GMM, glycerol minimal medium, NB, nutrient broth medium (Merck, Darmstadt); XMM, Photorhabdus minimal medium; B, betaine (1 mM); E, ectoine (1 mM); Glu, glutamate; Ala, alanine; Gln, glutamine; Gly, glycine; GABA, y-aminobutyrate;
Tre, trehalose; choline levels (as detected by NMR) were not quantified.
ml of medium in 250-ml conical flasks at 19-21°C on a rotary shaker at 160 r.p.m., except for Prb. luminescens which was grown at 30°C. Cells were harvested by centrifugation at 16 000 xg for 25 min at 15°C at an optical density (ODsss) of 0.9-l .l, close to onset of stationary phase, and subsequently freeze-dried. For 13C-NMR spectroscopy, batch cultures of P'. jischeri (DSM 7151/NRRL-B11177), P. leiognathi and Prb. luminescens were grown in a 10-l laboratory fermenter (Biostat S, Braun Melsungen, Germany) on NB medium supplemented with NaCl (41.7 g 1-l) and sea salt (8.3 g 1-l) for marine organisms and on low-salt NB medium (containing 30 g 1-l NaCl) for Prb. Zuminescens. Cells were harvested in the early stationary phase and freeze-dried. Abbreviations are as in Table 1 30 mg of freeze-dried cells were extracted with 750 yl of methanol/chloroform/water solution (2 : 2 : 1, v/v). The water-soluble fraction was desalted using a mixed ion exchange resin (Amberlitem CG-50, ICN Biochemicals, and Serdolitm AS-6, Serva) and subsequently analyzed on a NHs-phase column (LiChroCARW 125/4, filled with LiChrosphep 100 NH2 5l.t; Merck, Darmstadt) using acetonitrile/water (76 : 24, v/v) as a solvent and a refractive index monitor for detection. Amino acid analysis using pre-column derivatization with (9-fluorenylmethyl)-chloroformate (FMOC) as described by Kunte et al. [9] was used for the detection and quantification of charged nitrogen-reactive compounds like glutamate.
Sample preparation for '3C-NMR spectroscopy
Three to 5 g of freeze-dried cell material was repeatedly extracted in a Soxhlet apparatus using methanol as a solvent. To remove interfering proteins the extracts were subsequently treated with chloroform/water (1 : 1). 'H-decoupled 13C-NMR measurements were performed on a Varian XL 300 unit relative to trimethylsilylpropionic acid sodium salt (TMSP) using DsO as a lock signal and acetonitrile as internal standard.
Results
Complex media like nutrient broth or yeast extract media often contain considerable amounts of betaine (l-3% w/v) or its precursor choline, whose uptake and accumulation are usually preferred over de novo synthesis of compatible solutes. Therefore, the strains investigated in our experiments were grown in minimal media to distinguish between uptake/accumulation and de novo synthesis of compatible solutes. However, in the case of I'. jischeri (DSM 507T) we were unable to obtain sufficiently high cell yield on minimal medium. We therefore designed a medium containing minimal amounts (0.01% w/v) of fish extract S490. These conditions supported growth of the type strain, while the influence of accumulation of solutes or precursors by uptake was of little significance. The NB-medium employed in our experiments contained lower amounts of betaine ( < 0.5%) than yeast extract medium. Nevertheless one would expect that compatible solutes required for osmoadaptation were at least partly recovered from NB medium, which contained 5 g-' peptone and 3 g 1-l meat extract.
For the purpose of the identification of all organic osmolytes synthesized and accumulated in NB medium in response to salt stress (5% w/v NaCl in the case of V. jischeri and P. leiognathi, 3% wlv for Prb. luminescens) 13C-NMR spectra were recorded (Fig.   1A-C) . With the exception of a minor unknown compound in P. leiognathi (signals at 25, 49 and 68 ppm), NMR resonances were allocated to the following compounds: ectoine, betaine, glutamate and for Prb. luminescens also choline. Tables l-3 summarize HPLC results, which enabled quantification of all compatible solutes involved in osmoadaptation.
All luminescent bacteria investigated in this study accumulated betaine in nutrient broth, indicating that even minimal amounts of betaine suffice to supply the required osmolytes at low salinities. When synthetic media were used, addition of betaine always led to rapid accumulation in the cytoplasm and replacement of other intrinsic solutes. The ability to take up betaine, therefore, seems to be a common characteristic of all the luminescent bacteria investigated. In this respect Prb. luminescens is of special interest because we were, for the first time, able to show not only accumulation of betaine but also the presence of the cationic precursor choline in the cells. This terrestrial eubacterium ceased to grow at salt concentrations above 3% w/v NaCl.
However, after ectoine supplementation of nutrient broth (containing 3 or 5% w/v NaCl) sticient amounts of cell material were obtained.
Synthesis of ectoine was only shown for Vibrio species, predominantly at salinities above 3% w/v salt. Photobacterium sp. and Prb. luminescens were apparently unable to synthesize ectoine. However, all luminescent bacteria in our investigation accumulated ectoine when supplied in the growth medium and used it as a compatible solute. Both V. jischeri strains synthesized ectoine when grown in NB medium supplemented with 5% w/v NaCl. They differed, however, with respect to growth on synthetic media. While I/. $scheri (DSM 7151/NRRL-B11177) produced ectoine in GMM +3% w/v NaCl it was unable to grow on GMM +5% w/v NaCl. The type strain (DSM 507T), however, grew at both salt concentrations of supplemented GMM but did not synthesize ectoine. Instead, it displayed a range of different solutes, including glutamine, y-aminobutyrate (GABA), glycine and alanine. This unusual solute pattern may be the result of media supplementation with small amounts of fish extract, which was necessary due to unknown auxotrophic requirements. However, considerable amounts of GABA were also found in ectoine producing V. harveyi DSM 2165 when grown on minimal medium. The amino acids alanine and glycine played minor roles in maintenance of osmotic equilibrium, and the occurrence of high amounts of trehalose in both V. Jischeri sp. may be seen as a consequence of growth inhibition.
Discussion
16s rRNA studies of luminescent bacteria have led to a clear differentiation of the marine genera Vibrio and Photobacterium (family Vibrionaceae) and the terrestrial Photorhabdus (Xenorhabdus) luminescens (Enterobucteriaceue) [lO-121. It was one of our intentions to clarify whether compatible solute spectra may be used as an additional chemotaxonomic marker to distinguish between Vibrio and Photobacterium spp. The possible significance of compatible solutes for taxonomic studies was first expressed by Triiper et al. [13] . In addition, Mtiller [14] was able to show that Bacillus species may be distinguished on the basis of their osmolytes into 'proline-producers' and 'ectoine-producers'.
Similarily, Frings and Galinski [3] could distinguish brevibacteria and corynebacteria as 'ectoine-producers ' and 'non-ectoine-producers'. Our results support the view that solute spectra may indeed be a useful additional criterion for the destinction between Vibrio spp. ('ectoine-producers') and Photobacterium and Photorhabdus (Xenorhabdus) spp. ('non-ectoine-producers').
However, this distinction may be difficult to demonstrate in cases where growth is only maintained in the presence of complex media constituents serving as a source for external osmolytes, and thus obscuring the ability to synthesize compatible solutes (note: all organisms under investigation accumulated betaine and ectoine when supplied in the growth medium). From the data so far available we can conclude that Photobacterium sp. and Vibrio spp. grown on NB plus 5% w/v NaCl can be distinguished on the basis of their characteristic solute pools (betaine and glutamate for Photobacterium sp. and, in addition, ectoine for Vibrio spp.).
Acquired halotolerance by uptake and accumulation of organic solutes like betaine and ectoine has been described for members of the family Enterobacteriaceae, which are unable to synthesize solutes de novo [ 15,161. Similarily, the terrestrial eubacterium Prb. luminescens was still able to grow at 5% w/v salt after supplementation of complex medium with ectoine. The total amount of organic solutes detected in luminescent species of this study (in most cases) exeeded 300 umol gg' cell dry weight for cells grown at 5% w/v NaCl ( Table 1) . As the contribution of glutamate to the solute pool was shown to be substantial (sometimes even higher than that of betaine and ectoine together) the osmotic effect of the corresponding counter cations (not covered on this study) will also contribute to the maintenance of cytoplasmic turgor. The role of K+ ions, for example, has been discussed for Escherichiu coli grown on minimal medium and in the absence of betaines and other osmolytes [17] . The osmoregulatory potential of glutamate in luminescent bacteria was first reported by Makemson and Hastings [18] for V. harveyi, in addition to other osmolytes such as alanine, threonine, argininosuccinate, aspartate and citrulline. Reinhertz et al. [19] demonstrated the accumulation of K+ and glutamate or proline in P. leiognathi and V cholerae var. albensis (luminescent) when subjected to osmotic stress. In this study the observed glutamate levels normally did not exceed 50 mg g-l cell dry weight, except for P. leiognathi when grown in minimal medium with 5% w/v salt (68 mg g-l cell dry weight). Provided that our estimate of cytoplasmic volume (0.66 ml gg' cell dry weight) is a close approximation to the true value, glutamate levels would be approximately 500 mM (700 mM for P. leiognathi). These findings are in agreement with the general observation that glutamate levels are markedly increased (up to 500 mM) in Gram-negative organisms -often only transiently -as part of the osmoadaptive response [l] . As a salinity of 5% w/v NaCl represents a relatively moderate salt stress, intermediary metabolites like glutamate together with true compatible solutes (e.g., betaine and ectoine) play a prominent role as compensatory solutes up to certain limits. Although glutamate may be important for low-level osmotic adaptation or as a secondary messenger, this osmolyte is usually replaced by other more compatible solutes when the salinity is increased, a phenomenon observed universally among microorganisms, plants and animals.
